Shear stress-induced extracellular signal-regulated kinase (ERK)5 activation and the consequent regulation of Kruppel-like factor 2 and endothelial nitric oxide synthase expression represents one of the antiinflammatory and vascular tone regulatory mechanisms maintaining normal endothelial function. Endothelial dysfunction is a major initiator of atherosclerosis, a vascular pathology often associated with diabetes. Small ubiquitin-like modifier (SUMO) covalently attaches to certain residues of specific target transcription factors and could inhibit its activity. We investigated whether H 2 O 2 and AGE (advanced glycation end products), 2 well-known mediators of diabetes, negatively regulated ERK5 transcriptional activity and laminar flow-induced endothelial nitric oxide synthase expression through ERK5 SUMOylation. H 2 O 2 and AGE induced endogenous ERK5 SUMOylation. In addition, ERK5 SUMOylation was increased in the aortas from diabetic mice. ERK5 transcriptional activity, but not kinase activity, was inhibited by expression of Ubc9 (SUMO E2 conjugase) or PIAS1 (E3 ligase), suggesting the involvement of ERK5 SUMOylation on its transcriptional activity. Point-mutation analyses showed that ERK5 is covalently modified by SUMO at 2 conserved sites, Lys6 and Lys22, and that the SUMOylation defective mutant of ERK5, dominant negative form of Ubc9 (DN-Ubc9), and small interfering RNA PIAS1 reversed H 2 O 2 and AGE-mediated reduction of shear stress-mediated ERK5/myocyte enhancer factor 2 transcriptional activity, as well as promoter activity of Kruppel-like factor 2. Finally, PIAS1 knockdown reversed the inhibitory effect of H 2 O 2 in shear stress-induced Kruppel-like factor 2 and endothelial nitric oxide synthase expression. These data clearly defined SUMOylation-dependent ERK5 transcriptional repression independent of kinase activity and suggested this process as among the molecular mechanisms of diabetes-mediated endothelial dysfunction. (Circ Res. 2008;102:538-545.) 
L aminar flow-induced extracellular signal-regulated kinase (ERK)5 activation has a critical role in regulating peroxisome proliferator-activated receptor (PPAR)␥ and Kruppel-like factor (KLF)2 (a recently identified transcriptional inhibitor of endothelial cell [EC] inflammation) and in inhibiting tumor necrosis factor-␣-mediated adhesion molecule expression, 1 demonstrating an antiinflammatory role of ERK5 activation in ECs. The upstream kinase that phosphorylates ERK5 has been identified as MEK5. 2, 3 Activation of ERK5 is documented to have an antiapoptotic effect in neuronal and ECs. 4, 5 Recently we, along with Kasler et al, reported that ERK5 is not only a kinase enzyme but also possesses transcriptional activity. 1, 6 The NH 2 -terminal ERK5 kinase domain acts as a negative regulator of these transactivation domains and, when activated, releases the NH 2 -terminal ERK5 inhibitory effect, resulting in increased COOH-terminal ERK5 transcriptional activity. Both the association of ERK5 with transcriptional factors and a COOHterminal transcriptional domain of ERK5 are required for myocyte enhancer factor (MEF)2 and PPAR␥ transcriptional activity. 1, 6 The KLF family is a recently highlighted group of zinc finger transcription factors with important biological roles, including in the vasculature. 7 Dekker et al have reported that KLF2 is uniquely induced by laminar flow in the endothelium. 8 Overexpression of KLF2 induced endothelial nitric oxide synthase (eNOS) expression as well as inhibited cytokine-mediated adhesion molecule expression. 9 Recently, Parmar et al have reported that KLF2 was selectively induced in ECs exposed to a biomechanical stimulus characteristic of atheroprotected regions of the human carotid artery and that this flow-mediated increase in expression occurred via a MEK5/ERK5/MEF2 signaling pathway. In addition, KLF2 induction resulted in the orchestrated regulation of EC transcriptional programs controlling inflammation, thrombosis/hemostasis, vascular tone, and blood vessel development. 10 These data collectively implicated laminar flow-mediated KLF2 induction as an antiatherosclerotic and antiinflammatory regulator of EC activation in response to proinflammatory stimuli. 7 Both proinflammatory and antiinflammatory stimuli likely modulate PPAR␥/KLF2 and adhesion molecule (activity or expression) via the transcriptional activity of ERK5. Consistent with such key roles of ERK5 in EC physiology, endothelial-specific ERK5 knockout mice showed a cardiovascular defect attributable to increasing EC apoptosis. 4, 11 Small ubiquitin-like modifier (SUMO) covalently attaches to certain residues of specific target proteins and alters a number of different protein functions depending on the substrate. Subcellular localization, protein partnering, and DNA binding, and/or transactivation functions of transcription factors are some of the protein functions affected by SUMOylation. 12 It is clear that SUMO influences many different biological processes, but particularly important in the present context is the regulation of transcription. 13 The SUMOylation pathway is analogous to that of ubiquitination, but SUMO conjugation involves a different set of enzymes. SUMO is activated in an ATP-dependent manner by an E1-activating enzyme that consists of a SAE1(AOS1)-SAE2(UBA2) heterodimer. Activated SUMO is transferred to Ubc9, the E2-conjugating enzyme, and is subsequently attached to the -amino group of specific residues in the target protein. 14 The formation of reactive oxygen species (ROS) and AGE (advanced glycation end products) is among the major mechanisms that play a role in the pathogenesis of diabetic vascular disease resulting from hyperglycemia. [15] [16] [17] [18] In our present study, we showed that ROS and AGE lead to ERK5 SUMOylation and inhibition of shear stress-mediated ERK5 transcriptional activity. Inhibition of ERK5 transcriptional activity lead to an inhibition of shear stress-mediated KLF2 promoter activity as well as subsequent KLF2 and eNOS expression in ECs, providing a mechanistic framework to the well-accepted observation that diabetes, through oxidative stress and AGE-dependent signaling, induces endothelial dysfunction, accelerating atherosclerosis formation.
Materials and Methods
Details on reagents, antibodies, plasmid construction, cell culture and transfection, mammalian 1-or 2-hybrid analysis and transfection of cells, flow stimulation, in vitro kinase assay of ERK5, immunoprecipitation (SUMO assay) and Western blot analysis, transfection of the PIAS1 small interfering (si)RNAs, real-time quantitative PCR analysis of KLF2, and statistical analysis are provided in the expanded Materials and Methods section in the online data supplement, available at http://circres.ahajournals.org. All animal procedures were performed with the approval from the University Committee on Animal Resources, University of Rochester.
Results

ERK5 SUMOylation by H 2 O 2 and AGE in Endothelial Cells In Vitro and In Streptozotocin-Treated Diabetic Mice In Vivo
Because it has been reported that SUMOylation could regulate the transcriptional activity of its substrate, 13 first we Inputs were monitored with anti-SUMO2/3 (bottom). The second gels from the bottom show the spectrum of SUMO-conjugated proteins from 40 to 280 kDa, and the small free form of SUMO-2 or -3 detected is shown in the bottom gels. B, HUVECs were exposed to 100 g/mL AGE for 1 hour. Cells were lysed and immunoprecipitated using anti-ERK5 antibodies, followed by immunoblotting with anti-SUMO2/3 and anti-ERK5 antibodies. Data are representative of results from 3 separate experiments.
investigated whether H 2 O 2 and AGE induce endogenous ERK5 SUMOylation in ECs in vitro. As shown in Figure 1A , H 2 O 2 significantly increased ERK5 SUMOylation after 30 minutes of H 2 O 2 stimulation, and this ERK5 SUMOylation was maximally increased at 100 mol/L but decreased at 300 mol/L, whereas ERK5 phosphorylation was significantly increased at 300 mol/L H 2 O 2 treatment ( Figure 1A , right). We did not observe any significant differences in SUMO2/3 expression between the samples. However, we observed that SUMO modification of proteins around 280 kDa was significantly decreased after 5 minutes of 100 mol/L H 2 O 2 treatment and also with 300 mol/L H 2 O 2 treatment ( Figure 1A) , as described previously. 19 These data suggested that ERK5 SUMOylation may have a unique regulatory mechanism different from the general SUMOylation process induced by H 2 O 2 . We also tested whether AGE can induce ERK5 SUMOylation. As shown in Figure 1B , 100 g/mL AGE significantly increased ERK5-SUMO conjugation in ECs.
To examine the possible pathological role of ERK5 SUMOylation in diabetes mellitus in vivo, diabetes was induced in male FVB mice (8 to 12 weeks old and 25 to 30 g body weight) by intraperitoneal injection of streptozotocin (STZ) (200 mg/kg body weight). As a control, vehicle (0.1 mol/L citrate buffer, pH 4.5) was injected in another group of mice. Tail vein blood glucose samples were measured 6 days after injection to ensure induction of hyperglycemia (STZ injection group: 305.4Ϯ59.4 mg/dL; vehicle injection group: 154.9Ϯ31.4 mg/dL; meanϮSD; PϽ0.01). At 7 days after injection, mice aortas were isolated from both groups, and ERK5 SUMOylation assay was performed with immunoprecipitation of ERK5 and immunoblotted with anti-SUMO2/3 antibody. As shown in Figure 2A and 2B, we found that ERK5 SUMOylation was increased in STZ-injected mice compared to vehicle-injected mice. These data suggested the possible pathological role of ERK5 SUMOylation not only in vitro but also in vivo.
H 2 O 2 and AGE Increased ERK5 Phosphorylation but Inhibited ERK5 Transcriptional Activity
To determine the effects of ROS and AGE on ERK5, first we determined ERK5 phosphorylation by immunoblotting with anti-phospho-ERK5 antibody. ERK5 phosphorylation is directly related to its kinase activation, 20, 21 and, as we reported previously, 22 H 2 O 2 significantly increased ERK5 phosphorylation. Similarly, AGE increased ERK5 phosphorylation ( Figure 3A and 3B). ERK5 kinase activation and its autophosphorylation are associated with a mobility shift ( Figure  3A and 3B, second from the top). Because ERK5 is not only a kinase but also possesses strong transcriptional activity and increases MEF2 activity, 1, 6 we investigated the effect of H 2 O 2 and AGE on ERK5 transcriptional activity using a Gal4-ERK5 construct. In contrast to ERK5 phosphorylation, we could not detect any induction of ERK5 transcriptional activity by H 2 O 2 and AGE. In fact, we found that H 2 O 2 and AGE concentration-dependently inhibited CA-MEK5␣-induced ERK5 transcriptional activity ( Figure 3C and 3D ). On the other hand, H 2 O 2 and AGE did not affect the CA-MEK5␣-induced ERK5 phosphorylation ( Figure 3B ). Trans-fection with CA-MEK5␣ induced ERK5 phosphorylation and kinase activation, as well as ERK5 transcriptional activity. As we and others previously reported, 1,6 ERK5 phosphorylation and kinase activation increases ERK5 transcriptional activity by releasing the inhibitory effect of NH 2 -terminal ERK5 kinase domain on the COOH-terminal ERK5 transcriptional activity. However, although H 2 O 2 and AGE induced ERK5 phosphorylation and kinase activation, H 2 O 2 and AGE inhibited CA-MEK5␣-mediated ERK5 transcriptional activity, suggesting a differential regulation of ERK5 phosphorylation and transcriptional activity by H 2 O 2 and AGE in contrast to stimulation by CA-MEK5␣. We found a similar inhibitory effect of H 2 O 2 and AGE on ERK5 transcriptional activity in human umbilical vein ECs (HUVECs) as we describe in 
SUMOylation of ERK5
To gain further insight into the function and regulation of the ERK5 transcriptional activity, we inspected the amino acid sequences to identify motifs that may suggest potential covalent modification sites. The in silico analysis revealed a putative SUMOylation motif that is conserved among ERK5 proteins from human, mouse, and rat (supplemental Figure  IA) . The motifs (K6 and K22) are located at the divergent N-terminal region close to the ATP-binding site and contain a cytoplasmic targeting region. We next investigated whether ERK5 can be SUMOylated. In vivo SUMOylation assays with HA-tagged SUMO proteins were performed. An expression plasmid for Flag-tagged ERK5 was cotransfected into CHO cells along with expression plasmids for HA-tagged SUMO1 and SUMO3 with or without Ubc9. SUMO1 protein exhibits 44% sequence identity with SUMO2 and SUMO3 protein, whereas SUMO2 and SUMO3 protein share 86% sequence identity. 23 In addition, it has been reported that SUMO1 and SUMO2/3 have different substrate specificity. [23] [24] [25] Therefore, in this study, we selected SUMO1 and SUMO3 for further examination. After transfection, cell lysates were immunoprecipitated by the anti-flag (Flag-ERK5) antibody, and immunoprecipitates were immunoblotted with the anti-HA (HA-SUMO) antibody. As shown in supplemental Figure IB, SUMO conjugation of 70-to 280-kDa proteins was increased by both SUMO1/3 and Ubc9 expression (third panel from the top), and Flag-ERK5 was also significantly modified by both SUMO1 and SUMO3. In addition, immunoblotting with anti-ERK5 antibody after immunoprecipitation by anti-Flag antibody showed a significant band shift of ERK5 after cotransfection with SUMO1 or -3 and Ubc9 (supplemental Figure IB , second from the top, lanes 2 and 4). Of note, we did not find any increase in ERK5 phosphorylation or kinase activation induced by Ubc9 (supplemental Figure IVA and IVB), although we found a significant band shift by Ubc9 transfection, suggesting that the ERK5 band shift may represent both phosphorylation and SUMOylation. To determine the role of the protein inhibitor of activated STAT 1 (PIAS1), the SUMO E3-ligase enzyme, in ERK5 SUMOylation, an expression plasmid for Flagtagged ERK5 was cotransfected into CHO cells along with expression plasmids for PIAS1 with or without DN-Ubc9 (supplemental Figure 
SUMO3 Modification of ERK5 on K6 and K22
Because Lys6 and Lys22 of ERK5 are the putative SUMOylation sites, these residues were replaced by arginine to create the point mutants K6R and K22R and the double-mutant K6/22R. These mutants were expressed in CHO cells and analyzed for conjugation with HA-SUMO3. As shown in supplemental Figure IIA , K6R and K22R demonstrated decreased SUMO modification and, unlike wild-type ERK5, K6/22R was not modified by HA-SUMO3, suggesting that Lys6 and -22 were the SUMOylation sites of ERK5. To confirm the ERK5 SUMOylation at K6 and K22, cell lysates were conversely immunoprecipitated by anti-HA (HA-SUMO3) and immunoblotted with anti-ERK5 antibody. As shown in supplemental Figure IIB , SUMOylated ERK5 was detected in ERK5 wild-type transfected cells, but ERK5 SUMOylation was significantly decreased in ERK5 mutants, confirming that both K6 and K22 of ERK5 are SUMOylated. As seen in the longer exposure image of the same blot, the K6/22R mutation did not completely abolish ERK5 SUMOylation, suggesting the possible existence of other minor SUMOylation sites in addition to K6 and K22.
Regulation of the Transcriptional Activities of ERK5 and MEF2 by ERK5 SUMOylation
SUMOylation has been shown to inhibit transcriptional activities of other transcription factors, 26 and because K6 and K22 are located in the N-terminal inhibitory domain of ERK5 transcriptional activity, 1 we investigated whether SUMOylation affected transcriptional activity. Cells were cotransfected with Ubc9 and PIAS1 with or without CA-MEK5␣ and ERK5 transcriptional activity evaluated by a reporter gene assay as described in Methods.
As shown in supplemental Figure IIIA , CA-MEK5␣induced ERK5 transcriptional activity was inhibited by cotransfection with Ubc9 or PIAS1, suggesting an inhibitory effect of ERK5 SUMOylation on its transcriptional activity.
To substantiate this, we compared the ERK5 transcriptional activity of the wild type with K6/22R mutant using fusion proteins with the DNA-binding domain of Gal4 cotransfected with the pG5-luc reporter. Although there was a slightly lower expression level of the K6/22R mutant compared with wild type (supplemental Figure IIID) , the transcriptional activity of ERK5 K6/22R mutant was greater than the wild type (supplemental Figure III) . In addition, the ERK5mediated MEF2 transcriptional activity was enhanced in the K6/22R mutant (supplemental Figure IIIC) , suggesting that the K6 and K22 sites of ERK5 negatively regulate ERK5 transcriptional activity as well as subsequent MEF2 transcriptional activity.
Next, to determine the role of SUMOylation of K6 and K22 sites, we compared the reduction of ERK5 transcription induced by Ubc9 or PIAS1 between wild type and the K6/22R mutant. As shown in supplemental Figure IIIE , the reduction of ERK5 wild-type transcriptional activity by Ubc9 and PIAS1 was significantly less in the K6/22R mutant. These data suggested that SUMOylation on K6 and K22 sites inhibited ERK5 transcriptional activity.
ERK5 SUMOylation Did Not Affect ERK5 Phosphorylation and Kinase Activity but Inhibited ERK5 and Coactivator SRC-1 Interaction
Because ERK5 transcriptional activity was inhibited by SUMOylation, we investigated whether Ubc9 could inhibit ERK5 phosphorylation and kinase activation. As shown in supplemental Figure IVA and IVB, we did not observe any difference in ERK5 phosphorylation and kinase activity between Ubc9-overexpressed and vector-transfected cells. In addition, we did not find any difference in ERK5 phosphorylation between the ERK5 wild type and K6/22R mutant (supplemental Figure IVC) . These data suggested that ERK5 SUMOylation did not change ERK5 phosphorylation and kinase activation.
The reduction of ERK5 transcriptional activity induced by ERK5 SUMOylation could be attributable to the increase of ERK5 interaction with repressors or the decrease of ERK5 interaction with coactivators. 27, 28 First, we investigated whether ERK5 can associate with the corepressors SMRT and NCoR1 or coactivator SRC-1 by using a mammalian 2-hybrid assay. No ERK5 association with the corepressors SMRT and NCoR1 was found, but ERK5 associated with SRC-1, and this association was significantly increased by CA-MEK5␣ cotransfection (supplemental Figure IVD) . Next, to determine the involvement of ERK5 SUMOylation on ERK5-SRC-1 association, we cotransfected with PIAS1 and Ubc9 or DN-Ubc9 and determined the ERK5-SRC-1 association. As shown in supplemental Figure IVE and IVF, PIAS1 or Ubc9 transfection decreased ERK5-SRC-1 association. In contrast, DN-Ubc9 transfection increased ERK5-SRC-1 association, suggesting that ERK5 SUMOylation may inhibit ERK5-SRC-1 interaction and decreases ERK5 transcriptional activity. In addition, the inhibition of ERK5 interaction with SRC-1 was significantly decreased in the K6/22R mutant, also suggesting the mechanistic role of ERK5 SUMOylation in regulating ERK5 transcriptional activity. Further investigation is required to determine the exact role of ERK5-SRC-1 interaction in regulating ERK5 transcriptional activity.
H 2 O 2 and AGE Inhibit ERK5 Transcriptional Activity via ERK5 SUMOylation
To investigate whether ERK5 SUMOylation is important in H 2 O 2 -or AGE-mediated reduction of ERK5 transcriptional activity, we first compared the reduction of ERK5 transcriptional activity by H 2 O 2 (100 mol/L) between the wild-type and K6/22R mutant in HUVECs. As shown in Figure 4A , H 2 O 2 decreased ERK5 transcriptional activity by Ϸ41%, but the H 2 O 2 -mediated inhibition of ERK5 transcriptional activity was significantly less in the K6/22R mutant. To further confirm the involvement of ERK5 SUMOylation, we tested whether transfection of DN-Ubc9 might inhibit the H 2 O 2mediated reduction of ERK5 transcriptional activity. DN-Ubc9 prevented H 2 O 2 -mediated reduction of ERK5 transcriptional activity ( Figure 4B ). We also observed a similar regulation of ERK5 transcriptional activity via ERK5 SUMOylation induced by H 2 O 2 or AGE in bovine aortic ECs (BAECs) (supplemental Figure V) . Furthermore, instead of using CA-MEK5␣ transfection to increase ERK5 transcriptional activity, we also investigated whether H 2 O 2 or AGE could inhibit ERK5 activation induced by laminar flow. We transfected Gal4-tagged wild-type or K6/22R ERK5 constructs and stimulated the cells with vehicle or H 2 O 2 (100 mol/L) and BSA or AGE-BSA (100 g/mL) 24 hours after transfection. One hour after H 2 O 2 or AGE stimulation, HUVECs were exposed to flow or static conditions, and luciferase activity was assayed 24 hours later. H 2 O 2 and AGE significantly inhibited ERK5 wild-type transcriptional activity, but the H 2 O 2 and AGE-mediated reduction of ERK5 transcriptional activity was less in the K6/22R mutant ( Figure  VA and VB) .
The importance of MEF2/KLF2 in the regulation of endothelial inflammation, thrombosis/hemostasis, vascular tone, and blood vessel development has been reported. 9, 29, 30 Therefore, we investigated whether ERK5 SUMOylation was involved in the H 2 O 2 -or AGE-mediated reduction of MEF2 transcriptional activity and the subsequent KLF2 promoter activity. As shown in supplemental Figure VIA and VIB, both H 2 O 2 and AGE significantly decreased the MEF2 transcriptional activity in wild-type ERK5 transfected cells, but this inhibitory effect was less in the mutant K6/22R ERK5transfected cells. Although it has been reported that MEF2 SUMOylation regulates its own transcriptional activity, we found that the K6/22R ERK5 mutant almost completely inhibited the H 2 O 2 -and AGE-mediated decrease of ERK5 transcriptional activity, suggesting that ERK5 SUMOylation, rather than MEF2 SUMOylation, may be the main contributor to the reduction of MEF2 transcriptional activity by these agents in ECs. Finally, we determined the involvement of ERK5 SUMOylation on the regulation of KLF2 promoter activity, which is a downstream target of MEF2 activity. 31 H 2 O 2 significantly decreased the KLF2 promoter activity in ERK5 wild-type transfected cells (supplemental Figure VIC) . In contrast, the inhibition of KLF2 promoter activity induced by H 2 O 2 was completely abolished in the K6/22R ERK5 mutant transfected cells. These data also suggested that the inhibition of ERK5/MEF2/KLF2 pathway by H 2 O 2 is mediated by ERK5 SUMOylation. ERK5 SUMOylation induced by H 2 O 2 and AGE significantly attenuates KLF2 and subsequent eNOS expression induced by atheroprotective flow in ECs.
Previous studies have shown that flow-mediated ERK5/ MEF2/KLF2 induction leads to the upregulation of eNOS and the inhibition of endothelial inflammation. 10 Because we found that H 2 O 2 and AGE induced ERK5 SUMOylation and inhibited the ERK5/MEF2/KLF2 signaling pathway, we investigated whether H 2 O 2 or AGE-mediated ERK5 SUMOylation was involved in the flow-mediated KLF2 induction and Figure 6A , the KLF2 promoter activity was significantly increased by flow in ERK5 wild-type transfected ECs. Next, we cotransfected wild-type or mutant K6/22R ERK5 constructs with the KLF2 promoter reporter gene and stimulated the cells with or without H 2 O 2 (100 mol/L) 24 hours after transfection. One hour after H 2 O 2 stimulation, ECs were exposed to flow or static conditions, and luciferase activity was assayed 24 hours after the flow stimulation. H 2 O 2 significantly inhibited the KLF2 promoter activity in wild-type ERK5 transfected cells. In contrast, mutant K6/22R ERK5 significantly inhibited H 2 O 2 -mediated reduction of KLF2 promoter activity ( Figure  6A) , and a similar tendency was observed in AGE-mediated inhibition of KLF2 promoter activity ( Figure 6B ). To further examine the involvement of ERK5 SUMOylation in this process, we used PIAS1 siRNA to ablate the PIAS1 expression. PIAS1 siRNA caused a specific reduction in the expression of endogenous PIAS1 (Figure 6C, right) . As shown in Figure 6C , the ablation of PIAS1 prevented H 2 O 2mediated reduction of KLF2 promoter activity in HUVECs.
We confirmed these results at the expression level for KLF2 and eNOS (Figure 7) . The flow-mediated increase in KLF2 (mRNA) and eNOS (protein) expression were significantly decreased by H 2 O 2 pretreatment ( Figure 7A and 7B) . However, the reduction of PIAS1 expression by PIAS1 siRNA treatment abolished this H 2 O 2 -mediated inhibition of KLF2 and eNOS expression induced by flow. Together, these data demonstrated that ERK5 SUMOylation by H 2 O 2 is a critical regulator on laminar flow-mediated KLF2 as well as on subsequent eNOS expression in ECs.
Discussion
Endothelial inflammation is among the major initiators of atherosclerosis, and diabetes significantly affects this process. However, what is lacking is a plausible relationship between diabetes and any of the known regulators of endothelial inflammation that play a significant role in accelerating atherosclerosis formation in diabetes. Recently, we and others found that laminar flow, but not disturbed flow, acts as an antiinflammatory modulator by increasing ERK5 and PPAR␥ transcriptional activity and decreasing adhesion molecule expression in ECs. Laminar flow-induced ERK5 activation has a critical role in regulating PPAR␥ activation and KLF2, a recently identified transcriptional inhibitor of endothelial inflammation, as well as inhibiting tumor necrosis factor-␣mediated adhesion molecule expression, suggesting the critical antiinflammatory role of ERK5 activation in ECs. 1, 10 Increased expression of adhesion molecules and inflammation in diabetes has been reported in vitro and in vivo. 32, 33 However, the molecular mechanism of this diabetes-mediated inflammatory responses and adhesion molecule induction remains unclear. In the present study, we found that H 2 O 2 and AGE significantly inhibited ERK5/MEF2 transcriptional activity as well as the subsequent shear stress-mediated KLF2 promoter activity and KLF2 and eNOS expression via ERK5 SUMOylation, although H 2 O 2 and AGE increased ERK5 phosphorylation and kinase activation (Figure 8 ). In addition, we found that ERK5 SUMOylation was increased in the vessels of diabetic mice in vivo. We propose that inhibition of ERK5 SUMOylation may be a new therapeutic target for the treatment of diabetes-mediated endothelial dysfunction and inflammation.
It remains unclear how H 2 O 2 and AGE increase ERK5 SUMOylation, but several previous reports suggested the possible involvement of other posttranslational modification such as phosphorylation or association with other adapter molecules in the regulation of SUMOylation. For example, Gregoire and Yang have reported that class IIa histone deacetylases (HDACs) stimulate the SUMOylation of MEF2. 34 Interestingly, this stimulation of MEF2 SUMOylation was dependent on residues 118 to 488 at MEF2D but not the C-terminal catalytic domain of HDAC4, suggesting that the deacetylase activity of HDAC4 is not required. This may provide another possible mechanism by which HDACs can inhibit transcriptional activity via increasing SUMOylation. Furthermore, they found that ERK5, which is known to phosphorylate Ser179 of MEF2D, negatively regulated MEF2 SUMOylation. 34 Although particular phosphorylation sites or HDAC association with ERK5 induced by H 2 O 2 and AGE is unknown, it is well known that both H 2 O 2 and AGE can activate many kinases that may contribute to the regulation of ERK5 SUMOylation. In the present study, we focused on ERK5-mediated KLF2 and eNOS expression, which also mediates the antiinflammatory effect of shear stress. 10 ERK5 SUMOylation inhibited ERK5 transcriptional activity, indicating that ERK5 SUMOylation can inhibit both ERK5/ MEF2 and PPAR␥ and promote a strong proinflammatory and atherogenic effect in ECs.
An expanded Discussion section is in the online data supplement.
